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Acute inflammation and angiogenesis are persistent features of several pathological conditions induced by bio-
logical agents leading to the resolution of local and systemic events. Glycoproteins derived from the protozoan
Trypanosoma cruzi are suggested to mediate angiogenesis induced by inflammatory cells with still undescribed
mechanisms. In this study, we investigated the effects of total antigen from trypomastigote forms of T. cruzi (Y
strain), inoculated in sponges 24 h after implantation inmice, on angiogenesis, inflammatory cell pattern and en-
dogenous production of inflammatory and angiogenic mediators on days 1, 4, 7 and 14 post-implant. There was
an increase in hemoglobin content and in the number of blood vessels associated with T. cruzi antigen stimuli on
the 14th day, assessed by the hemoglobin of the implants and by morphometric analysis. However, these anti-
gens were not able to increase type I collagen content on the 14th day. Parasite antigens also induced high pro-
duction of vascular endothelial growth factor (VEGF) and inflammatorymediators TNF-alpha, CCL2 and CCL5 on
the 7th day in sponges when compared to the unstimulated group. Neutrophils and macrophages were deter-
mined by measuring myeloperoxidase (MPO) and N-acetyl-β-D-glucosaminidase (NAG) enzyme activities, re-
spectively. Only NAG was increased after stimulation with antigens, starting from day 4 and peaking at day 7.
Together, these data showed that antigens from the Y strain of T. cruzi are able to promote inflammatory neovas-
cularization probably induced by macrophage-induced angiogenic mediators in T. cruzi antigen-stimulated
sponges in Swiss mice.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Trypanosoma cruzi is a flagellate protozoan capable to induce a per-
sistent inflammatory response in mammalian hosts triggered by its
membrane glycoproteinmolecules that act on Toll like- and other prim-
itive receptors in immune cells resulting in the releasing of inflammato-
ry mediators (Campos et al., 2004, Talvani and Teixeira 2011; Gravina
et al., 2013). This parasite infection can affect myocardial fibers and
cardiac, esophagus and colon neurons culminating in loss of functional-
ity and remodeling in the heart and in the digestive organs (Koberle,
1961; Prata, 2001). The infection-associated immunopathology and
microvascular abnormalities are crucial aspects in the generation of
egarding this publication.
o Preto, ICEB, CampusMorro do
3559 1680.
heart diseasewhich is characterized by fibrosis, myocytolysis, thrombo-
embolism, dysrhythmia and cardiac hypertrophy (Rassi et al., 2009).

In particular, infection caused by parasites results in inflammation
which in turn promotes angiogenesis which is defined as the formation
of new capillaries by sprouting or by intussusception from pre-existing
vessels (Folkman, 2006). The development of this vascular network is a
tightly controlled mechanism performed by physiological and/or path-
ophysiological stimuli. In particular, in themicroenvironment of injured
tissue where there are low levels of oxygen as well as products of ne-
crotic cells or a set of inflammatory mediators released by recruited
cells, inflammation often contributes to generation of an angiogenesis
designated as “inflammatory angiogenesis” (Kim et al., 2013). Macro-
phages/monocytes, due their plasticity in the immune response, use to
play a pivotal role in this inflammatory angiogenesis restoring tissueho-
meostasis (Dirkx et al., 2006; Biswas et al., 2008; Ploeger et al., 2012).
Inflammatory angiogenesis seems to be intimately involved in the rees-
tablishment of injured tissue in chronic inflammatory disorders from
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distinct etiopathogenesis such as autoimmune, metabolic or infectious
diseases.

Upon infection, T. cruzi appears to translocate a protozoan-like calci-
um binding protein named calreticulin from the endoplasmic reticulum
to the surface where this molecule exerts inhibition of some innate
mechanisms of immunity favoring parasite surveillance and, in parallel,
binds to endothelial cells inhibiting the angiogenesis process (Molina
et al., 2005; López et al., 2010; Ramírez et al., 2012). However, few stud-
ies evaluating angiogenesis exist using live T. cruzi or parasitemolecules
in experimental animals. Mimicking a condition with absence of live
parasites,we propose to characterize the sequential dynamics of inflam-
matory cell recruitment, newly formed blood vessels, chemokine pro-
duction and fibrogenesis using subcutaneous polyester–polyurethane
sponge implants in mice under stimuli with antigens extracted from
trypomastigote forms of T. cruzi (Y strain).

Material and methods

Animals and sponge disc implantation

Ten week-old female Swiss mice were bred and maintained at Cen-
ter of Animal Science (CCA) from the Universidade Federal de Ouro
Preto, UFOP. After sponge implantation, animals weremaintained in in-
dividual cages with food/water ad libitum and in heated shelves under
temperature and humidity controls.

Polyester–polyurethane sponge discs of 5mmthick and8mmdiam-
eter (Vitafoam Ltd, Manchester, UK) were used as the matrix for the fi-
brovascular tissue growth. Discs were sterilized by soaking overnight in
70% v/v ethanol and by boiling in distilled water for 15 min before the
implantation surgery. Micewere anesthetized by intra-peritoneal injec-
tion of 4 μL g−1 of a mixture of ketamine (150 mg kg−1) and xylazine
(10 mg kg−1), dorsal hair shaved and skin wiped with 70% of ethanol.
Sponge discs were aseptically implanted into a subcutaneous pouch,
previously made with a curved tweezer, through a 1-cm long dorsal
midline incision. Post-operatively, the animals were monitored for dis-
comfort, distress or any signs of infection at the implant site, assuring
an uneventful return to normalcy in a clean, dry andwarmenvironment
and keeping them safe from injuries by other animals.

All procedures here were in accordance with the guidelines issued
by the Brazilian College of Animal Experimentation (COBEA) and this
proposed experiment was previously approved by the Ethics Commit-
tee in Animal Research at UFOP-CEUA (Protocol No.#043/2010).

Experimental design ofT. cruzi-antigen stimulation in subcutaneous sponge

To obtain total antigen from T. cruzi, fresh blood from Swiss mice
containing 107 trypomastigote forms of the Y strain of this protozoan
was added together with cultured Vero cells, that are derived from the
kidney of an African green monkey and are one of the more commonly
used mammalian continuous cell lines (Ammerman et al., 2008). These
Vero cells were maintained at 37 °C in minimum essential medium
(MEM) enriched with 5% fetal bovine serum (FBS) for 3 days. After
this period, the supernatant containing trypomastigotes was removed
from this culture by centrifugation at 120 ×g, at 26 °C for 3min and par-
asites were washed three times with sterile PBS. Then, trypomastigote
forms were counted, suspended in sterile phosphate buffer solution
(PBS) and stored at −20 °C. The solution containing parasites was
then harvested, centrifuged at 2800 ×g for 15 min at 4 °C and filtered
through a membrane (pore size, 0.22 μm; Millipore, Bradford, MA). The
supernatant antigenswere obtainedusing an equivalence of 107 parasites
per 0.2 mL of PBS and, then, stored at−20 °C to be used later.

Total antigen from T. cruzi (107/0.2 mL) or 0.2 mL of vehicle (PBS)
was inoculated intrasponge inmice 24 h after the surgery of sponge im-
plantation. The effects of the T. cruzi antigen on angiogenesis (hemoglo-
bin content) and on inflammation (neutrophil, macrophage and
fibrosis) and collagen content were assessed on days 1 (control), 4, 7
and 14 after sponge implantation. In addition, the pattern of angiogen-
esis and inflammation on the day of implantation (day 0) was
also investigated. For each time-point of investigation, sponges from
10 mice were evaluated: 6 by biochemistry assays (hemoglobin,
myeloperoxidase, N-acetylglucosaminidase and collagen) and 4 by
morphometric analysis and blood vessel quantification, as described
below.

Quantification of angiogenesis by hemoglobin measurement

Mice were euthanized by overdose of anesthesia and sponge im-
plants were excised carefully, dissected from adherent tissue and
weighed. Hemoglobin content was detected in the tissue using the
Drabkinmethod (Drabkin and Austin, 1935). Each implant disc was ho-
mogenized (IKAWerk T-10 basic, Germany) in 2.0 mL Drabkin reagent
(Labtest, São Paulo, Brazil) and centrifuged at 10,000 ×g for 15min. The
supernatants were filtered through a 0.22 μm filter (Millipore, Bedford,
MA). Hemoglobin (Hb) analysis presents a good correlation with other
methods for the detection and quantification of angiogenesis (Hu et al.,
1995). Therefore, hemoglobin content in the samples was quantified
colorimetrically at 540 nm in a spectrophotometer (Emax, Molecular
Devices, Sunnyvale, CA) and its concentration calculated from a
known amount of hemoglobin assessed in parallel. The data were
expressed as μg Hb/mL/mg of wet sponge.

Quantification of neutrophil infiltration by myeloperoxidase (MPO) and
macrophage infiltration by N-acetylglucosaminidase (NAG) activity
measurement

The extent of neutrophil accumulation in the implants was mea-
sured by assaying myeloperoxidase (MPO) activity as previously de-
scribed (Barcelos et al., 2004). After processing the supernatant of the
implants for the hemoglobin assessment, a part of the corresponding
pellet was weighed, homogenized in (2 mL) pH 4.7 buffer (0.1 M
NaCl, 0.02 M Na3PO4, 0.015 M Na2-EDTA) and centrifuged at 4 °C
at 12,000 ×g for 10 min. The pellets were suspended in 0.05 M
sodium phosphate buffer (pH 5.4) containing 0.5% hexa-1,6-bis-
decyltrimethylammonium bromide (HTAB). MPO activity in the super-
natant samples was assayed by measuring the change in absorbance
(optical density — OD) at 450 nm using 3,3′-5,5′-tetramethylbenzidine
(TMB) prepared in dimethyl sulfoxide (DMSO) in a final concentration
of 1.6 mM and H2O2 (0.3 mM) in the sodium phosphate buffer, pH 6.0.
The reaction was terminated by the addition of 50 μl of H2SO4 (4 M).

In parallel, the infiltration of mononuclear cells into the implants
was quantified by measuring the levels of the lysosomal enzyme N-
acetyl-β-D-glucosaminidase (NAG)which is present in high levels in ac-
tivated monocytes/macrophages (Barcelos et al., 2004; Marques et al.,
2011). Part of the pellet that remained after the hemoglobin measure-
mentwas kept for this assay. These pellets wereweighed, homogenized
in NaCl solution (0.9%w/v) containing 0.1% v/v Triton X-100 (Promega)
and centrifuged (3000×g— 10min at 4 °C). Samples of the resulting su-
pernatant (100 μL) were incubated for 10 min with 100 μLp-
nitrophenyl-N-acetyl-β-D-glucosaminide (Sigma) prepared in the
citrate/sodium phosphate buffer (0.1 M citric acid, 0.1 M Na2HPO4—

pH 4.5) to yield a final concentration of 2.24 mM. The reaction was
stopped by the addition of 100 μL of 0.2 M glycine buffer (pH 10.6). Hy-
drolysis of the substrate was determined by measuring the absorption
at 400 nm. MPO and NAG activities were expressed as the change in
OD per milligram of wet sponge.

Quantification of collagen content in sponge discs

Total soluble collagen was measured in whole sponge homogenates
by the Sirius Red reagent based-assay (Lima et al., 2014). Sponge discs
from 4 animals per group were homogenized in 1 mL of PBS and 50 μL
of the sample mixed with 50 μL of Sirius Red reagent. The collagen-
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dye complex was centrifuged at 5000 ×g for 10 min and the pellet
washed with 500 μL of ethanol (99% pure and methanol free). One
milliliter of a 0.5 M NaOH solution was added to the remaining
collagen-bound dye pellet. The color intensity of the samples was mea-
sured at 540 nm and the calibration curve set up on the basis of the gel-
atin standard (Merck). Results are expressed as μg collagen/mg wet
sponge.
Immunoassays for CCL2, CCL5, TNF-alpha and VEGF

The homogenate of squeezed sponge obtained previously from
MPO and NAG measurements, processed in 1.0 mL of PBS (pH 7.4)
containing 0.05% Tween-20 (Difco) was once more followed by cen-
trifugation at 4 °C for 10min at 10,000 ×g and stored at 80 °C. Briefly,
soluble cytokines TNF-alpha, CCL2/MCP-1, CCL5/RANTES and VEGF
(PeproTech S.A., Mexico, DF) from sponge homogenates were evalu-
ated in 96-microtiter plates coated with their specific murine mono-
clonal antibodies for 18 h at 4 °C and then washed with PBS
containing 0.05% Tween-20 (wash buffer). Non-specific binding
sites were blocked with 1% bovine serum albumin (BSA) in PBS
and, 1 h later, plates were rinsed with the wash buffer and samples
(diluted in 0.1% BSA in PBS) were added to the wells, followed by in-
cubation for 4 h at 4 °C. Plates were then washed and an appropriate
second horseradish peroxidase-conjugated polyclonal antibody
against the cytokine was added to the wells. Plates were then
washed and the chromogen substrate OPD N-phenylendiamine,
Sigma) diluted in 0.03 M citrate buffer (pH 5.0) containing 0.02%
30 v/v H2O2 was added. The plates were incubated in the dark for
30 min at room temperature. The reaction was stopped with 2 N
H2SO4 solution (50 μL/well) and intensity of the color measured at
492 nm on a spectrophotometer (Emax-Molecular Devices). All sam-
ples were measured simultaneously in duplicate and results
expressed as picograms of cytokine per milligram wet sponge.
Morphometric analysis and blood vessel quantification

To examine the degree of neovascularization in the implants stimu-
lated or not with T. cruzi antigens, a total of 16 sponge discs (four discs
for each time point— days 1, 4, 7 and 14 after implantation) were proc-
essed for histological assessment. The implants were embedded in
paraplast (Erv-Plast — Erviegas Instrumental Cirurgico Ltda, São Paulo,
Brazil) and sections of 5 mmwere obtained and stained with hematox-
ylin and eosin (HE). Microscopic images of cross-sections (5 μm) were
obtainedwith a planapochromatic objective 40× lens in light microsco-
py and a countablemicrovessel was defined as a structure with a lumen
that contained red blood cells or not and with nucleated endothelium
cells margining. New and old vessels as well as inflammatory leukocyte
infiltration were scored by counting of a total of 74,931 μm2 analyzed
sponge section (Moura et al., 2009). Images were obtained through a
Leica DM 5000 B microcamera (Leica Application Suite, model
2.4.0R1) and processed by the software Leica Qwin V3 image analyzer.
All slides from sponges with or without T. cruzi antigens were reviewed
in blind by one pathologist.
Statistical analysis

All results presented here are shown as themean+/− SEM. Com-
parisons between two groups were carried out using Student's t-test
for unpaired data. Three or more group comparisons were carried
out using one-way ANOVA and differences between these groups
were assessed by the Student–Newman–Keuls multiple comparisons
test. Different letters in the graphics mean significant (p b 0.05) and
equal letters mean absence of difference among groups.
Results

Leukocyte accumulation in the implant-induced angiogenesis

Myeloperoxidase is a neutrophil enzyme and it was found in high
levels on the first to the fourth days post-implant (Fig. 1A) with similar
patterns under T. cruzi antigen and vehicle (PBS) stimuli. Another
enzyme N-acetyl-glucosaminidase, a representative of activated
monocytes/macrophages into the inflammatory site, was found to be
associated with the presence of the T. cruzi antigen in the sponge and
evidenced on the 7th day (Fig. 1B). One week later (14th day), the
monocyte level in the sponge with the antigen was still higher, as evi-
denced by theNAGenzyme activity, butwas similar between both stim-
uli (vehicle and T. cruzi antigens). High levels of hemoglobin content in
the sponge inoculated with Y strain T. cruzi antigens were detected on
the 14th day (Fig. 1C). However, no difference in the collagen content
on the 14th day may be due to the recent chronic phase for this specific
sponge implant model (Fig. 1D). In addition, those animals inoculated
with 0.2 mL of PBS intrasponge did not affect the angiogenesis profile
when compared to non-injected sponges (data not shown).

Inflammatory and angiogenic mediators in the sponges

The inflammatory mediators and the vascular endothelial growth
factor (VEGF) were measured and a high production of TNF-alpha
(Fig. 2A), CCL2 (Fig. 2B), CCL5 (Fig. 2C) and VEGF (Fig. 2D) was detected
on the 7th day in the sponge implant associated with the stimulation
with T. cruzi antigens.

New vessels in the sponge disc matrix

Histological sections demonstrated a high number of new vessels on
day 14th in association with the T. cruzi antigen stimulus (Fig. 3). In
these histological sections, there were no infection and rejection signals
in the sponge during all days of experiment. Besides, the sponges
showed fibrovascular stromal growing in all 4, 7 and 14 days after sub-
cutaneous implantation as illustrated in Fig. 4. In addition, increases of
polymorphonuclear and mononuclear cells/fibroblasts and vasculariza-
tionwere also evident on days 4, 7 and 14, respectively, in those sponge
implants stimulated with T. cruzi antigens (Y strain).

Collagen deposition was also evaluated in histological sections
stained with picrosirius-red, demonstrating an initial predominance of
both mature type I (Fig. 5A) and immature type III (Fig. 5B) collagens
on the 4th day after implantation with T. cruzi-antigen stimuli. Howev-
er, while type I collagen increased proportionately in the spongematrix
until the 14th day in the presence of vehicle, those animals that received
the inoculum with the antigen of T. cruzi presented the production of
this collagen to be stabilized (Fig. 5A).

Discussion

Angiogenesis, a well-defined physiological condition, has been fre-
quently associated with inflammation in pathological disorders from
distinct genesis, including parasite infection. The T. cruzi-induced in-
flammatory mediators amplify and promote a self-perpetuation of the
systemic and local (e.g. heart) inflammation culminating in cellular de-
struction, local hypoxia, collagen deposition, fibrosis, remodeling and
loss of functionality of the heart (Factor et al., 1985; Coura, 2007). Re-
cruited leukocytes act as sources of inflammatory and angiogenic fac-
tors and there is a wellspring for the generation of new vessels in the
cardiac tissue,even though there is an augment of chemokines (CCL2,
CCL3, CCL5) and inflammatory cytokines (TNF-alpha, IFN-gamma, IL-
12, IL-17) which in turn favors the production of the angiogenic factor
(VEGF).

After T. cruzi invasion, the mammalian host experiences two stages
of infection: (i) the initial phasewhere there is a high load of circulating



Fig. 1. Kinetic of inflammatory parameters in sponge matrix. Subcutaneous sponge implants stimulated with T.cruzi antigens or vehicle (PBS) were excised during 1, 4, 7 and 14 days to
measure neutrophil enzyme myeloperoxidase (A), macrophage enzyme N-acetyl-glucosaminidase (B), hemoglobin (C) and collagen content (D) through biochemical analysis. Bars are
representative of 6 sponge implants and different letters mean statistical difference with p b 0.005.
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parasites as well in the muscle cells and (ii) a long-term phase where
the persistence of parasites in tissues is more evident and the immune
system remains on alert eliminating tissue parasites which persist re-
leasing their antigens in the circulation. The effects of these antigens
to the host system are still unclear. The subcutaneous sponge model, a
well-established model for angiogenesis investigation was chosen due
to the possibility to study the role of antigens of T. cruzi instead of live
parasites. Studies involving the sponge model showed that this model
presents an initial phase (1–3 days) with the predominance of neutro-
phils, an intermediate stage (4–8 days) with the predominance of
Fig. 2. Inflammatory and angiogenicmediators in spongematrix. Subcutaneous sponge implant
to measure TNF-alpha (A), macrophage chemoattractant protein/CCL2 (B), Regulated upon Ac
factor (D) through biochemical analysis. Bars are representative of 6 sponge implants and diffe
macrophages and a final stage (8–15 days) where there is reduction
of inflammatory cells with the predominance of blood vessels and colla-
gen in the matrix of the sponge (Andrade et al., 1987; Barcelos et al.,
2005; Teixeira et al., 2005; Marques et al., 2011). This is the first study
involving administration of total antigen of the Y strain of T. cruzi and
as demonstrated in Fig. 6, it can be summarized that T. cruzi was able
to release high TNF-alpha and CCL2 and low VEGF in the four initial
days post-implant, probably conducted by neutrophils. The apex of
the inflammatory response was on the 7th day where high levels of
TNF-alpha and CCL2 were maintained side by side with high levels of
s stimulatedwith T. cruzi antigens or vehicle (PBS)were excised during 1, 4, 7 and 14 days
tivation, Normal T cell Expressed and Secreted/CCL5 (C) and vascular endothelial growth
rent letters mean statistical difference with p b 0.005.
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Fig. 3. Quantification of blood vessels. Subcutaneous sponge implants stimulated with
T. cruzi antigens or vehicle (PBS) were excised during 1, 4, 7 and 14 days for histological
preparation. A number of blood vessels were quantified in optical microscopy using mor-
phological parameters (presence of red cells inside and the presence of nuclei of endothe-
lial cells in the margin of the vessel). Statistical difference is represented by p b 0.005.

Fig. 5. Collagen in the sponge implant matrix. Histological sections were processed and
sponge implants stained with picrosirius red for collagen type I (A) and collagen type III
(B) assessment. * represents statistical difference between sponge implants stimulated
with T. cruzi antigens and vehicle (PBS) in 4, 7, and 14 days post-implant.

134 F.H. Guedes-da-Silva et al. / Microvascular Research 97 (2015) 130–136
VEGF. This angiogenic factor was possibly responsible for the increasing
of blood vessels as well as the inflammatory background for the type I
collagen detected on the 14th day post-infection.

Modulation of the development of the vascular network in a T. cruzi
infected tissue may constitute the strategy to ameliorate this patholog-
ical condition. Indeed, the role of angiogenesis in in vivo system associ-
ated with parasite infection is still controversy. The inflammation and
pro-angiogenic factors are induced by antigens of T. cruzi and local
hypoxia, respectively. During infection, the new vessels formed in
T. cruzi-infected tissues act to nourish injured sites with increase blood
nutrients and O2 supply. However, an increase in the number of blood
vessels also favors high leukocyte recruitment into the tissue to elimi-
nate parasites as well as amplify the host tissue destruction. Even
though our current results support an inflammatory angiogenesis, par-
asites exert an inhibition of angiogenesis through calreticulin release in
in vitro and few in vivo studies (Ramírez et al., 2011, 2012). In this
Fig. 4. Photomicroscopy of histological sections of sponge implants. Sections of 5 μm of subcut
hematoxylin and eosin in days 1, 4, 7 and 14 post-implant. Sponge implants (*) were gradually
and collagen fibers. In the box, macrophages are represented and (]) means the capsule of the
regard, the use of pro- and anti-angiogenic therapies after experimental
T. cruzi infection seems suitable and needs future elucidation in favor of
mammalian host benefits.

In summary, our study demonstrates the inflammatory and pro-
angiogenic effects after the administration of total antigens from the Y
strain of T. cruzi in the subcutaneous model of sponge implants. In this
aneous sponge implants stimulated with T.cruzi antigens or vehicle (PBS) were stained in
filled out by inflammatory mononuclear cells (arrows) and by neovessels (v), fibroblasts
connective tissue with the presence of inflammatory cells. Bar = 50 μm.
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Fig. 6. Representative scheme of inflammatory and angiogenic parameters in subcutaneous sponge implants after stimulation with T. cruzi antigens. Increasedword size means high pro-
duction and reduced word size means low production of each soluble mediator.
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study, the source of the antigens was the Y strain of T.cruzi, whose path-
ological characteristics are to induce myocarditis beginning on the 7th
day post-infection inMus musculus (Swiss mice) and to promote an ex-
tensive cardiac inflammation between the 12th and 22nd days post-
infection, in particular in the left ventricle (Brener, 1973; de Diego
et al., 1991). In light of immune response and tissue damage, our results
propose a general idea of the free T. cruzi antigens during a long termex-
perimental infection and their repercussion to the angiogenesis in the
infected and/or inflamed tissues. Further studies involving different par-
asiteswith different genetic backgrounds are needed toward angiogenic
therapy in experimental T. cruzi infection.

Conclusion

We conclude that antigens from the Y strain of T. cruzi are able to
promote inflammatory neovascularization probably induced bymacro-
phage-induced angiogenic mediators in T. cruzi antigen-stimulated
sponges in Swiss mice.
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